Hence, this system is probably ubiquitous in higher plants. Solubilized maize membranes exposed to blue light and added to unirradiated solubilized maize membranes show a higher level of phosphorylation of the light-affected protein than irradiated membrane proteins alone, suggesting that an unirradiated substrate is phosphorylated by a light-activated kinase. This finding is further demonstrated with membrane proteins from two different species, where the phosphorylated proteins are of different sizes and, hence, unambiguously distinguishable on gel electrophoresis. When solubilized membrane proteins from one species are irradiated and added to unirradiated membrane proteins from another species, the unirradiated protein becomes phosphorylated. These experiments indicate that the irradiated fraction can store the light signal for subsequent phosphorylation in the dark. They also support the hypothesis that light activates a specific kinase and that the systems share a close functional homology among different higher plants.
Light provides plants with many different kinds of information about their environment. This information is integrated by sensory systems and used to optimize a variety of physiological and morphological processes. Different classes of responses are defined according to the region of the light spectrum that activates them. photomorphogenesis are well documented and the photoreceptor phytochrome has been isolated and extensively studied (see ref. 5 ). Blue light also regulates numerous processes in higher plants, including phototropism, growth inhibition, stomatal opening, and several enzymic reactions (13, 14) . Although photoreceptors involved in blue light responses have not yet been identified, a number of studies based on action spectra suggest that flavoproteins are the most probable candidates (8, 20) ; however, other photoactive molecules such as carotenoids or pterins should not be dismissed (2, 7, 9, 19) . In addition, very little is known about the transduction chain between the photoexcitation of the receptor and the physiological response.
Protein phosphorylation is a ubiquitous regulatory mechanism involved in signal transduction (1) . Evidences for its involvement in plants have been reviewed recently (3, 11) , and it is established that protein phosphorylation can be influenced by light (see ref. 4 ). Gallagher et al. (6) , studying the phosphorylation of membrane proteins extracted from etiolated pea epicotyls, discovered that light was affecting the phosphorylation of a 120-kD protein associated with the plasma membrane. Subsequently, Short et al. (16, 17) showed that in vitro irradiation induced a strong enhancement of the phosphorylation of a 120-kD protein in pea and a 114-kD protein in maize (10, 15) . The characteristics of the reaction (localization, kinetics, fluence requirement) indicated that this could be an early step in the transduction chain for phototropism (16) . The same conclusion was strongly supported by a study with Arabidopsis mutants, where a mutant with altered phototropic sensitivity showed a dramatic reduction of the blue light-induced phosphorylation of a membrane protein near 124 kD (12) . In addition, Short et al. (18) observed that the reaction could be driven either in vivo or in vitro and was blocked by flavin antagonists. It was hypothesized that irradiation with blue light was either (a) activating a specific kinase or (b) exposing sites on the substrate polypeptide for phosphorylation by a constitutively active kinase.
The purpose of the present study was to investigate the effect of blue light on the phosphorylation of a membrane protein in several monocot and dicot species. Since this phosphorylation has been postulated to be an early step in the transduction of the phototropic stimulus, and since phototropism is a general phenomenon in higher plants, one would expect the reaction to be widely represented in divergent species. The other aim of this work was to test the hypothesis that blue light is inducing the phosphorylation of the membrane protein by activating a specific kinase.
Plant Material
Seedlings of pea (Pisum sativum L. cv Alaska), sunflower (Helianthus annuus L. cv Mam. Grey Stripe), and zucchini (Cucurbita pepo L. cv) were grown in total darkness for 7 d as described (6) , except that seeds were allowed to imbibe and were grown with one-quarter strength Hoagland solution. Stem sections (8) (9) (10) Procedures for the in vitro phosphorylation (18) and the separation and analysis of proteins by SDS-PAGE and autoradiography (6) have been described previously. Unless otherwise specified, 200 ,ug of crude microsomal membrane proteins were used for the phosphorylation reaction after solubilization in 0.5% Triton X-100. Relative levels of phosphorylation in the SDS-PAGE gel bands were quantitated with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
RESULTS

Phosphorylation of a Membrane Protein from Different Species
Microsomal membrane fractions were prepared from shoots or coleoptiles of 10 different species of higher plants. . Similarly, membrane proteins isolated from blue light-exposed stem sections exhibit a low signal when kept in the dark (lane 3) and an enhancement of phosphorylation when irradiated in vitro (lane 4), but in both cases, the levels of phosphorylation are reduced compared to the protein from plants kept in the dark. In addition, a protein near 84 kD shows a weak in vitro enhancement of phosphorylation (lanes 1 and 2) and is barely detectable in membrane proteins isolated from irradiated stem sections (lanes 3 and 4). Results are essentially identical with oat coloptiles (Fig. 1 In a similar experiment, we exposed a fixed amount of maize membrane proteins (100 ,g) to 10 .331mol m-2 of blue light and then added increasing amounts of unirradiated proteins prior to in vitro phosphorylation (Fig. 4) 
Phosphorylation Between Species
In the above experiments, we could not rule out the possibility that some thermolabile element of the protein preparation added in the dark contributed to the enhancement of the phosphorylation of proteins in the irradiated fraction. To address this possibility, we studied the simultaneous phosphorylation of membrane proteins from two species, pea and maize, where the responsive proteins are of distinct molecular mass (see Fig. 2 ) and, hence, can be unambiguously separated on gel electrophoresis. We reasoned that if a kinase from one species were activated, we might see phosphorylation of the appropriate protein from the unirradiated species, provided that there was some interaction between the kinase and substrate from these two widely divergent plants. Thus, a given amount of maize proteins was irradiated with 103 ,umol m-2 of blue light and then added to an equivalent amount of unirradiated pea proteins prior to the phosphorylation reaction. As seen in Figure 5 , the 120-kD pea protein shows a strong increase in phosphorylation (left lane) over the dark control (central lane), the intensity of the signal being nearly as high as when the pea proteins are themselves irradiated (right lane). The 114-kD maize protein shows a normal level of phosphorylation (left lane). Conversely, when pea proteins are exposed to light and then added to unirradiated maize proteins, the maize protein exhibits a small but detectable enhancement of phosphorylation (right lane) over the dark control (middle lane). Again, the irradiated pea protein shows a normal level of phosphorylation (right lane). The same result is obtained with zucchini and maize proteins (Fig. 5) . As a control experiment, irradiated membrane proteins from one species were mixed with boiled membrane proteins from the other species and showed no induced phosphorylation of the unirradiated protein (data not shown).
The same kind of experiment was investigated between several different species and gave similar results: a blue lightactivated system from one species is able to phosphorylate specifically a substrate from an unirradiated species (Table I) . This phenomenon is observed within dicots or between a monocot and a dicot species. It could not be tested within monocots because the light-affected proteins of these species have the same apparent molecular mass and, hence, are indistinguishable by gel electrophoresis. Quantitation of the phosphorylation cross-reaction (Table I ) yields distinct patterns of interactions. Activated maize membrane proteins induce the phosphorylation of the unirradiated protein in all dicots tested with an activity ranging approximately from 40 (Arabidopsis) to 250% (tomato) of the levels obtained by direct irradiation of the dicot membranes themselves. With pea, for instance, the activated maize system fully phosphorylates the unirradiated pea protein to a level similar to that seen with irradiated pea membranes. On the other hand, all activated dicots systems have only a weak effect on the phosphorylation of the maize or the oat protein (between 7 and 19% of the level obtained by irradiation of the coleoptile membranes themselves).
DISCUSSION
The blue light-mediated phosphorylation of a membrane protein is found in a broad array of plant species, with a molecular mass ranging from approximately 114 to 130 kD (Fig. 2) . Each species shows a phosphorylation pattern very similar to that of sunflower (dicot) or oat (monocot) as presented in Figure 1 . These results correspond closely to what has been reported for pea (16) , Arabidopsis (12) , and maize (10, 15 ). However, the absolute level of phosphorylation varies from species to species. This variation might be ex- plained by differences in the efficiency of the reaction or in the concentration of active molecules. Because three types of organs are compared (hypocotyls with or without cotyledons, epicotyls, coleoptiles), these variations might also be due to morphological differences. It has been shown in pea that the strongest phosphorylation of the light-affected protein occurs in the growing region and progressively decreases in specific activity along the shoot axis (16) . In all monocot species tested, the protein has the same apparent molecular mass, but these plants belong to the same family and other more divergent monocots should be tested. In dicots, two species belonging to the Solanaceae have a phosphorylated band of different apparent molecular mass (tomato and tobacco, data not shown). Although distributed within a relatively small mass range, this diversity suggests that some structural differences may exist at the protein level, but without major consequence to this particular photoresponse. Although we cannot be certain that the difference in molecular mass is not the consequence of proteolysis, it seems unlikely since addition of protease inhibitors PMSF (1 mm) and leupeptin (1 (Fig. 1) . A similar result was described in pea (16) for a protein also near 84 kD that was found mainly in more basal, nongrowing parts of the epicotyl. Whether these lower molecular mass proteins are related to the major photosensitive proteinpossibly as breakdown products-or are unique and play some different role remains to be determined.
The level of in vitro phosphorylation in dark controls is always higher in dicot than in monocot species, where it is barely detectable (see Fig. 1 for example) . This phosphorylation in the absence of any light has been suggested to be an artifact of the extraction procedure (18) , in which case the monocot system seems somewhat less labile during extraction. We do not at present understand these differences and await isolation of the major components of the reaction for further analysis.
Since it was postulated that this process could be an early step in the transduction chain for phototropism (12, 16, 17) , it is important to know if this reaction is widely represented. As shown in Figure 2 , the blue light-mediated phosphorylation of a membrane protein described here may well be ubiquitous in higher plants. We do not know whether this system is also present in organisms other than higher plants, but preliminary studies in fungi did not uncover any similar response (T.W. Short reaction has the same characteristics of cross-reactivity as the in vivo system. Although a control experiment showed that the addition of unirradiated boiled membrane proteins to irradiated membrane proteins produced no increase of phosphorylation (Fig.  3) , there was a possibility that some thermolabile element of the unirradiated membrane proteins could stimulate the re- action in the already irradiated fraction, contrary to the hypothesis that light was activating the kinase. The crossspecies experiments eliminate this possibility because the light-affected proteins are of different molecular mass, and, hence, the effect of protein from one species on the protein from the other is clearly distinguishable. The results unambiguously show that irradiated protein from one species leads to the phosphorylation of unirradiated protein from the other species (Fig. 5 ). This species cross-reactivity is found between several plant pairs ( Fig. 5 ; Table I ) and indicates (a) that the light signal is stored by the system, (b) that the kinase specifically phosphorylates only one single protein in each species, and (c) that the systems must share a strong functional homology to permit direct interaction between widely divergent plants. We cannot be certain that the homology is at the level of the substrates such that they can respond to kinases from different species, or at the level of the kinases, such that they can be photoactivated by photoreceptor moieties from different species.
Quantitation of these interspecific experiments shows that the reaction between irradiated maize or oat proteins and dicot species is much more effective in inducing the phosphorylation of the protein from the unirradiated species than the opposite (Table I) We demonstrate here that intra-and interspecific phosphorylation can occur in vitro, but we do not know what the significance of this finding is in vivo. We currently have no information about the physical relationship of any one photoreceptor-kinase-substrate moiety with respect to any other in the same cell, and whether intermolecular phosphorylation is possible. It has been shown that the light-affected protein is localized to the plasma membrane in pea (6) and maize (10) , and that pea plasma membranes can be dissolved in detergent and retain their photoactivity without loss of efficiency (18) . These results indicate that the components necessary for activity must either be tightly associated at the plasma membrane level or be combined as a single polypeptide with multiple functions in its native form. It might then be conceivable that upon activation of the kinase, one or more substrates located in the close vicinity of the kinase become phosphorylated in vivo.
From the results presented above, we conclude that the blue light-mediated phosphorylation of a membrane protein-probably a plasma membrane protein-is ubiquitous in plants. This finding reinforces the hypothesis postulated in other studies that the reaction might play an early role in the transduction chain for phototropism. Furthermore, light leads, at minimum, to the activation of a specific protein kinase. The components of this reaction must then have strong similarities among plants to permit the sort of direct interaction observed between divergent species. Full understanding of the system, however, must await the purification of all necessary elements as well as the molecular analysis of the genes involved in this response to blue light.
